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Argonne National Laboratoy, Anjonnne IL (August 30, 1999) We used the technique of vector Generalized Magneto-optical Ellipsometry to study the behavior of the magnetization vector of a 50 Co thin film as a timction of external field magnitude and dwection. With this method, which deterrqinee the both the direction and magnitude of the magnetization, averaged over the 1 mm incident laser beam, we were able to determine the relative contributions of magnetization rotation and domain formation to the reversal of M. The CO sample had a uniaxial in-plane anisotropy. We found that when the angle between the applied field and the easy axis waa greater than w40 degrees, the reversal occurred primarily by rotation of the magnetization, accompained by a small reduction of the magnitude of M. In thk+angulsx region, the critical field-the field at which there is a laige jump in the angle of M-ss a function of applied field angle followed a coherent rotation model. However, at applied field angles less thm 40 degrees to the easy axis, we found a larger reduction in IMI occurring before and during the jump in the magnetization angle. The jump also occurred at fields much lower than those predicted by the coherent rotation model, indicating a reversal mode initiated by domain formation.
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L INTRODUCTION
Though a simple experiment conceptually, the hysteresis loop of a sample nonetheless contains a wealth of infoma.
tion. Properly executed and interpreted, the measurement of a hysteresis loop can provide a wide range of inforniation about the sample, from bssic parameters such as the remanant magnetization and coercive field, to ?nicrostructural properties such as exchange bias, anisotropy axes, the presence of pinning sites, or morphological ripple. The monetization of a sample may reverse directions in a variety of ways by rotation of the magnetization d~ection as a single domain, by the nucleation and growth of reversed domains, or by a combhation of both of these processes Knowledge of this reversal mode is of great importance to the characterization and understanding of novel magnetic materials and structures. So; when studying the mode of magnetization reversal, one must use a method of measuring the hysteresis loop, whkh can determine the magnetization vector-that is, magnetization.
both the direction and magnitude of the Many tectilques exist to measure the magnetization vector, utiliiing a variety of physical phenomena.
In this report we present the measurement of the magnetization reversal mode of a thin Co film with uniaxial in-plane anisotropy, using the technique of GenerJlzed Magneto-optical Ellipsometry (hereafter termed GME).
[1] With thk technqiue, we determined both the net magnitude and direction of the magnetization aa a function of applied field strength, and as a function of the angle between the applied field and the easy anisotropy sxis of the sample, to explore how the reversal mode's character changes with applied field direction.
The GME technique utilizes the three Kerr effects-longitudinal, polar, and transverse-to determine the direction of the magnetization vector. In addition, the same GME measurement returns the optical (n+ ik) and magnetooptical (Qr + iQi) constants of the sample. Since Q is proportional to lkfl, the technique can filly determine M, with the magnitude given w a fraction of the saturation magnetization. Many other magneto-optical techniques have been developed to study vector magnetization reversal, such as that of Daboo et. al. [5] Their technique used the longitudinal Kerr effect to determine the in-plane magnetization vector, and used precision rotation stages to rotate the entire sample and field coils by 90 de~ees, ad so measured two orthogonal components of magnetization.c ontrast, GME holds the sample and field coils iixed, and rotates only the input beam's polarization, and the direction of the analyzer.
From the mode of reversal versus applied field direction, one can determine information about the stmcture of the sample. For example, by determining the angular behavior of the magnetization versus field, one can determine the 2 . direction of uniaxial or cubic anisotropy axes. [6] From the magnitude of the magnetization, one SCMthe degree of domain nucleation, and so determine information about the purity or crystallinity of the sample. AIso, one can gain information about the effect of morphological variations in the sample which produce variations in the anisotropy . direction and magnitude, as in the case of magnetization 'ripple.'
II. EXPERIMENT
The basic GME setup and measurement procedure has been discussed in detail elsewhere [1] , and will be briefly reviewed here. In this study, the sample we measured was a 50 nm thick Co film sputter-deposited in a magnetic field to give a uniaxial in-plane anisotropy. It was deposited on an Si substrate, which had a thm oxide layer from atmospheric exposure. The Co film had a 5 nm sputtered Si02 capping layer to prevent oxidative degradation of the film. This sample was mounted on a manual rotation stage. The rotation stage had a 0.05 degree accuracy.
The external field was applied a pair of air-core electromagnet coils which applied a field oriented in the plane of incidence of the probe beam, with current supplied by a computer-controlled programmable current supply.. The incident beam was the 632.8 nm line from a HeNe laser. The beam first passed through a quarter-wave plate oriented at 45 degrees to its initially linear polarization direction, producing roughly circular polarization.
[2] It then passed through a computer-rotatable polarizer, was reflected from the sample through a computer-controlled analyzer, and finally onto a Si detector.
The basic idea of GME is to create an intensity map I(polarizer, analyzer) at a given applied field along the hysteresis cycle. These intensity maps are each then fit to general magneto-optical reflectivity matrices. Reflectivity matrices from a magneto-opticaJ model are then fit to the experimental reflectivity matrices. The model reflection matrices are functions of the parameters of interest-in this cme n,Q, and magnetization angle.~practice, it is simpler and more accurate to measure a hysteresis at each polarizer, analyzer angle-pair, and then reorganizethe data into single field intensity maps.
The measurement procedure is to initially position the sample at some angle relative to the field (The true angle of the anisotropy is initially unknown, but can be determined from the measurement.) The polarizer is initally positioned at an angle several degrees from the p-polarization (polarization in the plane of incidence) direction, and the analYzer several degrees from the orthogonal direction. P-polarization is used because it gives sensitivity to all three components of the magnetization. The hysteresis 100p isme~ured sequentially for many pol~er/malYzer~gle p~rs~ound the crossed-polarizers state. Thk procedure was repeated for many dhlerent angles of the sample relative to the applied 3 field direction.
[3] The data are then reorganized to create an intensity map I(polarizer, analyzer) at a given applif ield along the hysteresis cycle. These intensity maps are each then fit to general reflectivity matrices.
No assumptions were made about the sample in determining the reflectivity matrix as a function of applied field, -except the linearity in M of the magneto-optical effects of interest. To model the magneto-optical reflectivity of a multilayer, we used the multilayer matrix" formahsrn developed by Yeh, which WaS extended to tensor dielectric constants by Vknovsky. [4] Assuming the previosuly measured thkknesses of each layer in the structure, and wing the published values of the dielectric constants of Si and SiOz, we determined the optical and magneto-optical constants of the Co layer, as well as the magnetization angle in the plane. We also measured the out-of-plane vector component and found to be neglible, and so it was neglected in thh fit.
III. RESULTS AND DISCUSSION
The optical and ma~et~optica,l constants we obtained for Co were n + ik = 2.503+ i4.134, and Q,.t = 0.02988 -iO.01220. The error on n was +/ -0,002, while on Q it was +/ -0.0005. The index of refraction was essentially constant vs. field. Since Q is proportional to the magnitude of M, we can rewrite Q(H) = Q~otM(H), and so present magnetization vs. applied field. Figure 1 shows the results of the analysis of GME measurements at two applied field angles, showing the magnetization magnitude and angle vs. applied field strength. In each case there are similar features: a reduction in the magnitude of M, and a jump in the magnetization angle, with the reduction in M preceding or coincident with the jump in angle. However, one can alSO see that the character of the magnetization reversal changes dramatically with applied field angle. When the field is applied near the hard axis (angle= 90°), the region of reduced magnetization around the jump in angle is broad and shallow, while nearer the easy axis, the reduced-M region is narrower and deeper. Furthermore, the field at which the magnetization reversal occurs moves monotonically to lower fields with decreasing applied field angle between the applied fieldand the sample easy axis.
TO characterize the changes in the revers~process with sample angle, we fit the magnetization angle VS.
field data to a Stoner-Wohlfarth coherent rotation model with the anisotropy as the fit parameter [7] [8]. The results of this fit
show that for sample angles (relative to the applied field dkection) greater than z40 degrees, the effective anisotroPY is constant. Consequently, the reversal modes in this angular region are similar, and can be roughly described by a simple coherent rotation model.
However, below thk applied field angle, the effective anisotropy begins to decrease with decreasing angle. Figure 2 shows the the critical field-the field at whkh the magnetization angle jumps abruptly-as a function of applied field 4 .
angle. The field at whkh the magnetization jump occurs decreases monotonically with dec~ing~gle between the applied field and easy axis. These values arenot well described by a coherent rotation model, wwIch predicts an increasing critical field with decreasing angle. In this region of applied field angle, the reversal mode is dominated by " reversed domain nucleation and growth. F@ure 3 shows the minimum magnitude of M aclieved at a given applif ield angle, as a function of applied field angle. Note that the depth of the minimum deepens as the applied field approaches the easy axis direction.
Finally, we investigated the relationship between the jump in magnetization angle and the onset of domain formation. Figure 4 shows the field at which M just begins to reduce in magnitude, and the critical angular-jump field, versus applied field angle. AlSO shown on the plot is the field at which the magnetization is a minimum. Note that the magnetization begins to reduce at or just before the angular jump. Also, the magnetization minimum doea not occur until just after the critical angular-jump field, indicating that only a fraction of the sample is undergoing the coherent rotation and jump. When the applied field is >40 degrees, it takes several Oe beyond the jump field to reverse this small fraction of domains, while around the e~y axis, the entire process, both rotation &d switching, occurs in a small field range. Figure 3 gives the mtilmum of M vs. applied field, showing the fraction of the sample involved in the domain formation. The mtilmum decreases with increasing applied field angle, indicating that there is a small but relatively persistent fraction of the magnetization not undergoing rotation in the large-angle region.
IV. CONCLUSION
In thk report, we have presented a detailed study of the near-DC magnetization reversal mode in a Co thin film with in-plane uniaxial anisotropy, using generfllzedmagneto-optical ellipsometry.we found that the reversal mode changed markedly as a function of the angle of the anisotropy axis relative to the applied field direction. For fields applied >40 degrees to the easy axis dh-ection, reversal was primarly by rotation of magnetization, accompanied by a modest reduction in the magnitude of the magnetization. The critical an~lar-jump fields for applied field angles in this range, as determined from a coherent rotation model for a uniaxial sample, were adequately described by a single anisotropy constant. In contrast, for applied fields <40 degrees to the easy axis, the angular rotation of the magnetization wss accomp~d by a strong &lp in the magnitude of the magnetization.~~dition, the critcd angular-jump fields in thk region were much lower than those expected from a coherent rotation model, due to the nucleation of domains. 
